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Chloride-sensitive renal microangiopathy in the stroke-prone that affect both brain and kidney [3–9]. Although exten-
spontaneously hypertensive rat. sively investigated, the pathogenetic determinants of phe-
Background. In the stroke-prone spontaneously hyperten- notypic expression of the SHRSP remain unclear. Thesive rat (SHRSP) fed a low-normal NaCl diet, we recently re-
severe microangiopathy appears to require hyperreni-ported that supplemental KCl, but not KHCO3 or K-citrate
(KB/C), exacerbated hypertension and induced hyperrenin- nemia [4, 6, 7] that entrains increased circulating levels
emia and strokes. We now ask the following question: In these of angiotensin II and aldosterone [9, 10]. Yet, before
SHRSP, is either such selectively Cl2-sensitive hypertension inducing hyperreninemia and severe microangiopathyor hyperreninemia a pathogenetic determinant of renal micro-
in the SHRSP, NaCl loading exacerbates the severity ofvasculopathy?
Methods. SHRSPs were randomized to either supplemental hypertension [4]. The severity of hypertension might then
KCl, KB/C, or nothing (control) at 10 weeks of age. Four be a pathogenetic determinant of severity of microangio-
and 14 weeks afterward, we assessed renal microangiopathy pathy in the SHRSP [2, 7]. However, in this rat, Volpe,histologically and measured plasma renin activity (PRA). From
Laragh et al reported that supplemental potassium ci-randomization, blood pressure was measured radiotelemet-
rically and continually; proteinuria was measured periodically. trate strikingly attenuated an otherwise severe renal and
Results. KCl, but not KB/C, amplified renal microangiopa- cerebral microangiopathy and prevented hyperreninemia
thy and proteinuria. Four weeks after randomization, when
without affecting the maximal severity of NaCl-exacer-KCl initially exacerbated hypertension, renal microangiopathy,
bated hypertension [7]. Tobian et al had earlier reportedhyperproteinuria, and hyperreninemia had not yet occurred.
However, across all groups, the increment of SBP at four weeks in the NaCl-loaded SHRSP that supplementing potas-
strongly predicted its final increment, severity of renal microan- sium with either potassium citrate or KCl similarly atten-
giopathy, proteinuria, and PRA 14 weeks after randomization.
uated cerebral microangiopathy and seemingly irrespec-Then, the severity of renal microangiopathy varied directly
tive of the similarly modest attenuation of hypertensionwith the levels of systolic blood pressure (SBP; R 2 5 0.9, P ,
0.0001), PRA (R 2 5 0.7, P , 0.0001), and proteinuria (R 2 5 observed with both potassium salts [11]. Since then it has
0.8, P , 0.0001) as continuous functions across all treatment been generally assumed that in the SHRSP, (1) the anion
groups. Renal creatinine clearance was greater with KB/C.
accompanying supplemental potassium does not affectConclusions. In the SHRSP, (1) like cerebral microangiopa-
its capacity to attenuate phenotypic expression [5, 7, 8,thy, renal microangiopathy is selectively Cl2 sensitive and
hence, systemic microangiopathy is as well; (2) Cl2 likely ampli- 12, 13], and (2) the severity of hypertension does not
fies microangiopathy by exacerbating hypertension and possi- affect that of either cerebral or renal microangiopathybly also by increasing PRA; and (3) Cl2 might increase blood
[6, 8, 9, 12–16].pressure and PRA by further constricting the renal afferent
arteriole. However, in the SHRSP fed a low-normal NaCl diet,
we recently observed that whereas supplementing either
KHCO3 or K-citrate (KB/C) induced a sustained attenu-
Full phenotypic expression of the stroke-prone spon- ation of hypertension and neither strokes nor hyperrenin-
taneously hypertensive rat (SHRSP) [1] includes severe emia, supplemental KCl induced a sustained exacerbation
hypertension and severe systemic microangiopathy [2–4] of hypertension, numerous strokes, and hyperreninemia
[17]. Strokes occurred in all and only rats whose maximal
1 Drs. Tanaka and Schmidlin contributed equally to this study. values of systolic blood pressure (SBP) and plasma renin
activity (PRA) were in the upper quartiles of both. Thus,Key words: potassium, diet, systemic microangiopathy, hypertension,
blood pressure, afferent arteriole. (1) if KCl-induced stroke in the SHRSP reflects a selec-
tively Cl2-sensitive systemic microangiopathy, supple-Received for publication May 2, 2000
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Accepted for publication October 6, 2000 severity of renal microangiopathy. (2) Yet, if either the
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determinant of the severity of systemic microangiopathy, metric measurements obtained every five minutes over
five-second intervals. The body weight of each rat wasthe severity of renal microangiopathy might vary directly
with the levels of both maximal SBP and PRA as a contin- measured weekly. Twenty-four–hour urinary excretion
rates of protein and creatinine were analyzed at weeksuous function across all treatment groups, because these
levels varied directly with each other as a continuous 10, 14, 18, 22, and 25. At week 25, serum creatinine levels
were measured in blood samples obtained from the tailfunction across all groups [17]. (3) However, if severity
of hypertension were a major determinant of renal mi- artery, and 24-hour creatinine clearance was calculated.
Plasma concentrations of Cl2, K1, and Na1 were mea-croangiopathy in the SHRSP, supplemental KCl, like
NaCl loading [7], might exacerbate hypertension before sured by flame photometry. Total protein and creatinine
concentrations were determined by standard methodsinducing either renal microangiopathy or hyperrenin-
emia. (4) At the time of initial exacerbation, four weeks using an auto-analyzer (Roche Diagnostic System Inc.,
Nutley, NJ, USA). Twenty-four–hour urinary excretionbefore maximal exacerbation [17], the increase of BP
across all treatment groups might predict the severity of rates were adjusted for 100 g of body weight. Rats were
decapitated at the end of week 25, and truncal bloodrenal microangiopathy, because at this time, that in-
crease strongly predicted in each rat its maximal increase samples were obtained to measure plasma renin activity
(PRA). PRA was measured using a radioimmunoassayand already amounted to half of it [17]. We report posi-
tive tests of these hypotheses. for angiotensin I and were expressed as nanograms an-
giotensin I generated per mL plasma during a two-hour
incubation at 378C and pH 6.5 (ng/mL/h) [18].
METHODS
After decapitation, the left kidney was rapidly re-
Weanling male SHRSP were obtained from the colony moved, and coronal slices were immediately placed in
at the University of Iowa (Iowa City, IA, USA). Rats 10% buffered formalin and later embedded in paraffin.
were fed Purina rat chow from three to six weeks of Three micrometer sections were stained with either he-
age and thereafter until they were killed at 25 weeks, a matoxylin and eosin (H&E) or periodic acid-Schiff’s
Japanese-style diet (Zeigler Bros., Inc., Gardners, PA, (PAS). One of the investigators (J.L.O.) examined these
USA) containing 0.5% K1 and 0.4% NaCl. At 10 weeks, sections by light microscopy without knowledge of the
rats were randomly assigned to three different dietary experimental group or BP. The kidneys were initially
groups: (a) no K1 supplement, as a control (CTL, N 5 evaluated according to the overall severity of injury (his-
20) or a 2% K1 diet formulated either with (b) potassium tology rank) as it affected the four compartments: glo-
chloride (KCl, N 5 17) or (c) either KHCO3 or potassium meruli, tubules, interstitium, and vessels. The kidneys
citrate (KB/C, N 5 15). Over the four-week period pre- were ranked from 1 (fewest changes) to 52 (most severe
ceding their randomization, all rats were fed the last alterations) by grouping kidneys with a similar degree
(“c”) diet. To achieve equal intake of electrolytes and of changes followed by preliminary ranking within those
nutrients in all groups, the average daily intake of food groups. Then the kidneys with the most severe changes
consumed in each of the three treatment groups was in the least affected group were compared with those
calculated weekly. The treatment group with the least with the mildest changes in the next most severe group
daily intake of one week became the target group of the and so forth until all 52 were ranked. This series of
next week. Deionized water was supplied as drinking comparisons was repeated one week later by the same
water ad libitum throughout the study. Rats were housed investigator and yielded the same results.
individually in metabolic cages in a constant temperature The same investigator quantitatively analyzed the se-
room with a 12-hour dark/light cycle (dark: 7 p.m. to 7 a.m.). verity of injury in each of the four compartments: glomer-
All procedures were carried out according to the guidelines uli, tubules, interstitium, and vessels. Two types of glomeru-
of the University of California, San Francisco, Committee lar changes were evaluated: glomerular collapse (GC),
on Animal Research (San Francisco, CA, USA). characterized by intense wrinkling of capillary loops on
In each rat at approximately eight weeks of age and the PAS stain, and glomerular expansion (GE), manifest
a body weight of at least 180 g, we surgically implanted by dilated capillary loops frequently containing fibrin
intraperitoneally a radiotelemetric BP-measuring device thrombi. The number of affected glomeruli were counted
with a pressure-sensing catheter inserted into the infrare- and presented as percentages of the total number of
nal aorta (model TA11PA; Data Sciences International, the 150 to 250 glomeruli counted in each kidney. Most
St. Paul, MN, USA). A detailed description of the system affected glomeruli showed additional evidence of glo-
and the data collection procedure has been published else- merular injury such as prominent epithelial cells with
where [17]. Briefly, in each rat, over the period extending protein reabsorption droplets and vacuoles, endothelial
from 9 to 24 weeks of age, successive mean weekly values cell swelling, inflammatory cells within capillary loops,
of SBP and DBP from successive mean 24-hour values increase in mesangial matrix, and atrophy. Tubular alter-
ations included cytoplasmic basophilia, dilation occa-were calculated, which in turn were calculated from tele-
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sionally associated with hyaline casts, and atrophy with RESULTS
thickening of basement membrane. Interstitial changes Effects of potassium supplementation on the time
were manifest by fibrosis and chronic inflammatory infil- courses of BP values, urinary electrolytes, and body weight
trates with numbers of inflammatory cells increasing as have been reported previously [17]. Briefly, baseline BP
parenchymal involvement increased. The tubulointersti- values at 10 weeks of age were moderately elevated and
were not significantly different between groups (Table 1).tial changes were assessed using a grading system: 0 5
Thereafter, BP increased progressively in each groupno changes, 1 5 one focus of the changes, 2 5 less than
until week 18 and then plateaued and persisted at maxi-10% of the renal parenchyma involved, 3 5 between 10
mal values over the final five weeks of the study (Tableand 25% involved, and 4 5 greater than 25% involved.
1). Compared with CTL, KCl exacerbated hypertension,Vascular changes included medial thickening, fibrinoid
and KB/C attenuated it. The pressor effects of potassiumnecrosis, and thrombotic microangiopathy, the last char-
became significantly different from each other withinacterized by intimal proliferation and fragmented eryth-
four weeks of assignment and from CTL within eightrocytes. Vascular injury was assessed by determining the
weeks [17]. Throughout the study, the values of SBP andpercentage of small arteries and arterioles affected by
DBP in individual rats varied with each other directlyfibrinoid necrosis (FN). Approximately 30 to 50 vascular
and highly significantly (R 2 5 0.964, P , 0.0001). There-
profiles were examined in each kidney.
fore, SBP values only were used for analysis in the cur-
A second group of SHRSP was fed the same diets on rent study.
the same schedule as indicated previously, CTL (N 5 Proteinuria (UP) was modest at baseline and did not
15), KCl (N 5 17), and KB/C (N 5 16), but no telemetry differ between groups (Table 1). At 14 weeks, four weeks
devices were implanted and BPs were not measured. At after randomization when the initial exacerbation of hy-
14 weeks, four weeks after initiation of the study diets, pertension with KCl had occurred, UP had not increased.
rats were decapitated; truncal blood was obtained for At 18, 22, and 25 weeks, UP with KCl increased to a
measurement of PRA, and renal tissue was preserved in sustained plateau of values, which became significantly
formalin as described previously in this article. In rats greater than those occurring with either KB/C or CTL,
of each group, renal tissue was evaluated for renal mi- the values with which had not increased (Table 1). At
croangiopathy as described previously in this article. 25 weeks, 24-hour creatinine clearance (mL/min per 100
Group differences in overall severity of renal disease g body weight) was significantly higher in KB/C, 0.65 6
(histology rank), severity of vascular disease (%FN), and 0.05, compared with both KCl, 0.46 6 0.03, and CTL,
0.48 6 0.03 (P , 0.05; Table 1). At 25 weeks, the mediancreatinine clearance at age 25 weeks were assessed by
value of PRA (ng/mL/h) with KCl, 17.4, was significantlyanalysis of variance (ANOVA) followed by Student-
greater than that with KB/C, 6.2 (P , 0.05), but not thatNewman-Keuls test. To assess dietary effects on severity
with no supplement (CTL), 13.6. Plasma Cl2 was slightlyof glomerular disease (%GC and %GE) and on tubulo-
higher with KCl than with KB/C, plasma HCO23 , slightlyinterstitial lesions we used the Kruskal-Wallis test fol-
lower. Urinary excretion of Cl2 was much higher withlowed by the Dunn test. To assess between-group differ-
KCl than with KB/C or in CTL; urinary excretion of K1ences in protein excretion rates at baseline (age 10 weeks)
was similar with both potassium salts; urinary excretionand at age 14, 18, 22, and 25 weeks, we used the Mann–
of Na1 did not differ among groups [17].Whitney U test and to assess within-group differences
Histologic examination of kidneys of 25-week-old ratsthe Wilcoxon signed rank test. Interrelationships be-
revealed morphologic alterations in all four compart-tween the various outcome variables were further ana-
ments with increasing severity in a stereotypic pattern
lyzed by simple linear and stepwise multiple regression
(Fig. 1). Glomerular, tubular, interstitial, and vascular
analyses with diet-related changes in SBP at four weeks lesions (ranked in combination) were similar in quality
of randomization (DSBP w4), final SBP and log PRA as in all groups but were significantly more frequent and
independent variables and log UP, histology rank, %GC, more severe with KCl supplementation (mean overall
and %GE, tubulointerstitial scores and %FN as indices rank and 95% CI) 37 (31/44), than with either KB/C, 17
of renal microangiopathy. For “final SBP” we used aver- (10/25), or CTL, 24 (18/31) (Table 1 and Fig. 1).
aged 24-hour SBP values from all measurements made in Fibrinoid necrosis (FN) of small arteries and arterioles
each rat over the final five weeks of the study. Statistical was the predominant lesion overall, although it was rare
analyses were performed using SigmaStat (version 2.0; (,2%) in the least affected kidneys (Fig. 2A). In the
Jandel Scientific Software, San Rafael, CA, USA) and least affected kidneys, vascular injury was most promi-
Statistica (Statsoft Inc., Tulsa, OK) software packages. nent near arcuate arteries and, with increasing parenchy-
Data are presented as mean or median and 95% CI. A mal involvement, extended to encompass smaller vessels
in the superficial cortex. In the most seriously damagedP value of ,0.05 was considered statistically significant.
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Table 1. Effects of potassium chloride (KCl), potassium bicarbonate or citrate (KB/C) and control (CTL) on systolic blood pressure (SBP),
plasma renin activity (PRA), renal histology and renal function in the stroke-prone spontaneously hypertensive rat
Supplement
Variables KCl KB/C CTL
N 17 15 20
SBP mm Hg
Baseline 173 (169/185) 176 (173/181) 178 (174/184)
Week 4 212 (200/221)b 191 (187/200) 198 (192/203)
Final 248 (230/258)c 204 (197/217)a 226 (212/235)
Body weight g
Baseline 218 (207/229) 222 (211/233) 218 (209/227)
Final 320 (306/334) 326 (317/335) 330 (325/336)
Final PRA ng/mL/h 17.4 (10.5/30.8)b 6.2 (4.7/11.2) 13.6 (6.8/26.9)
Final renal histology
Overall injury, rank 37 (31/44)c 17 (10/24.5) 24 (18/30.5)
Fibrinoid necrosis % 26.3 (19.5/33.1)c 9.9 (2.4/17.5) 14.9 (9.5/20.3)
Glomerular collapse % 6.2 (3.3/10.0)c 0.5 (0.0/1.0) 2.1 (1.0/4.0)
Glomerular expansion % 3.3 (2.0/6.0)c 0.0 (0.0/0.9) 0.5 (0.0/1.0)
Tubulointerstitial injury grade 3.0 (3.0/4.0)b 1.0 (1.0/2.0) 2.5 (2.0/3.0)
Urinary protein excretion mg/day/100 g body weight
Baseline 28 (26/30) 28 (22/31) 26 (24/27)
Week 4 34 (30/41) 32 (28/37) 30 (28/31)
Final 86 (75/108)c 33 (28/40) 43 (32/53)
Final creatinine clearance mL/min/100 g body weight 0.46 (0.39/0.53) 0.65 (0.55/0.76)a 0.48 (0.42/0.55)
Final serum Na1 mmol/L 141.3 (140.1/142.5) 140.0 (138.6/141.4) 141.3 (140.5/142.1)
Final serum K1 mmol/L 5.1 (4.8/5.4) 5.2 (4.9/5.5) 5.0 (4.9/5.1)
Final serum Cl2 mmol/L 105.4 (104.1/106.7)c 103.2 (102.0/104.4) 103.5 (102.8/104.2)
Data are presented as mean (overall injury rank, % fibrinoid necrosis, creatinine clearance, body weight, Na, K, Cl) or median (SBP, PRA, glomerular collapse
and expansion, tubulointerstitial injury, urinary protein) and 95% CI.
a P , 0.05 KBC vs. KCl and vs. CTL
b P , 0.05 KCl vs. KBC
c P , 0.05 KCl vs. KBC and vs. CTL
kidneys, fibrinoid necrosis affected 20 to 45% of vessels, tively. Irrespective of dietary supplements, renal lesions
were rare in rats with final SBPs below 200 mm Hg andand thrombotic microangiopathy was severe. Overall, a
significantly larger percentage of vessels was affected by infrequent in those with SBPs below 220 mm Hg. Both
final SBP and log PRA also correlated significantly withFN (mean) in KCl, 26.3%, than in either CTL, 14.9%, or
KB/C, 9.9% (P , 0.05; Table 1). Generally, glomerular final log UP (R 2 5 0.879, P , 0.0001, and R2 5 0.516,
P , 0.0001, respectively) and CCr (R 2 5 0.190, P , 0.002alterations were infrequent. Glomerular collapse (GC;
Fig. 2A) was the predominant glomerular lesion, and and R 2 5 0.192, P , 0.002, respectively). In turn, these
biochemical markers of nephropathy were strong pre-with increasing severity of disease, glomerular expansion
(GE; Fig. 2B) was observed. Significantly more glomeruli dictors of the severity of histologic alterations: log UP
versus histology rank (R 2 5 0.838, P , 0.0001) and CCrwere affected by both GC and GE (median) with KCl
(6.2% and 3.3%, respectively) than with either CTL versus histology rank (R 2 5 0.137, P , 0.008). Further-
more, the increase in SBP at 4 weeks after assignment(2.1% and 0.5%, respectively) or KB/C (0.5% and 0.0%,
respectively, P , 0.05; Table 1). Although tubulointersti- (DSBP w4) varied directly and significantly with the final
histology rank (R 2 5 0.614, P , 0.0001; Fig. 5A), finaltial injury was present in all three groups, the median
grade of lesions was significantly greater with KCl, 3, log UP (R 2 5 0.569, P , 0.0001; Fig. 5B) and final log
PRA (R 2 5 0.504, P , 0.0001; Fig. 5C) and inverselythan that with KB/C, 1 (P , 0.05), but not than that
with CTL, 2.5 (P 5 NS; Table 1 and Fig. 1). with the CCr (R 2 5 0.230, P , 0.0004), but it did not vary
with the concurrent log UP (R 2 5 0.109, P 5 NS).Both final SBP (R 2 5 0.90, P , 0.0001; Fig. 3A) and
log PRA (R 2 5 0.69, P , 0.0001; Fig. 3B) were strong In CTL, the values of the histology rank were homoge-
neously distributed over a wide range of values of bothindependent predictors of severity of overall histologi-
cally assessed renal injury (histology rank) as well as of SBP, 184 to 263 mm Hg, and PRA, 3.8 to 58.5 ng/mL
per hour. Relative to the values of histology rank inseverity of disease in individual renal compartments (Fig.
4). Multiple regression analysis with histology rank as CTL, those values with KB/C as a function of either SBP
or PRA were shifted down and leftward; those valuesthe dependent variable and final SBP and log PRA as
independent variables, yielded an R 2 of 0.908 (P , with KCl were shifted up and rightward (Fig. 3).
In kidneys of rats sacrificed at 14 weeks, histologic0.0000001) with beta coefficients for SBP of 0.789 (P ,
0.0000001) and for log PRA of 0.205 (P , 0.007), respec- lesions were sparse and no apparent difference between
Tanaka et al: Cl2-sensitive nephropathy1070
Fig. 1. Light micrographs of kidney cortex
from the stroke-prone spontaneously hyper-
tensive rat (SHRSP) supplemented with ei-
ther potassium chloride (KCl; A) or potassium
bicarbonate or potassium citrate (KB/C; B).
The micrographs depicted are those ranked in
each treatment group as the median in overall
severity of renal damage: KCl, 37; KB/C, 17
(Table 1). Note the damaged glomeruli (arrow-
heads), thickened vessels (arrow), interstitial
fibrosis, and chronic inflammatory cell in rat
supplemented with KCl (A). The injury is
most severe in the juxtamedullary cortex. In
contrast, the kidney from the rat supple-
mented with KB/C shows only slight vascular
wall thickening (arrow) and patchy mild inter-
stitial widening (B; (H&E, 355).
groups was evident. In these rats the mean levels in the juxtamedullary area and in association with se-
vere renal interstitial fibrosis. By contrast, supplemental(6SEM) of PRA were (ng/mL/h) 11.5 6 1.4 with KCl,
KB/C did not amplify nephropathy. In fact, as assessed11.6 6 1.2 with KB/C, and 12.4 6 1.3 in CTL.
by the renal clearance of creatinine, GFR was higher in
the rats supplemented with KB/C than in those supple-
DISCUSSION mented with either KCl or nothing. The effect of supple-
The results of the current study demonstrate that in mental dietary K1 on the expression of nephropathy in
the SHRSP fed a normal NaCl diet supplementing di- the SHRSP is then critically dependent on the anionic
etary K1 with KCl amplifies nephropathy, as assessed component of the potassium salt supplemented. Since
by the extent of histologic changes and magnitude of the nephropathy-amplifying effect of supplemental KCl
proteinuria. As is characteristic of the fully expressed occurs without dietary Na1 loading, supplemental Cl2
nephropathy of the SHRSP [2, 4, 19], microangiopathy is selectively sufficient to induce it. Accordingly, in the
and particularly fibrinoid necrosis of the renal arterioles SHRSP, the phenotypic expression of nephropathy is
and small arteries dominated the histologic changes ob- not only NaCl sensitive [1, 2, 6, 7] but also selectively
Cl2 sensitive, just as are the expressions of hypertensionserved with KCl, the vascular lesions occurring mainly
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Fig. 2. Light micrographs of glomeruli with KCl-supplemented rats. (A) Severe collapse of glomerular capillary loops with nearly global loss of
their lumina; fibrinoid necrosis of adjoining afferent arteriole with occluding fibrin thrombus (arrowhead; PAS 3440). (B) Glomerular expansion
with fibrin thrombi within capillary loops (arrowhead), intracapillary foam cells (arrow), swollen endothelial cells, epithelial cell loss, and widened
mesagium (M). Note the difference in glomerular size compared with collapsed glomerulus in A (H&E, 3440).
and stroke [17]. In accord with such selective Cl2 sensitiv- which supplemental KCl and potassium citrate were both
investigated [23], each salt is reported to have greatlyity in the SHRSP, supplemental NaCl, but not NaHCO3,
exacerbated hypertension [20]; supplemental NaCl, but attenuated cerebral microangiopathy, but separate data
sets were not reported for each salt, and no data werenot Na-citrate, accelerated the onset of stroke and fore-
shortened the lifespan [21]. With respect to NaCl sensi- provided as to whether either salt affected the severity
of renal lesions. In distinction from the current study, intivity of the phenotypic expression of the SHRSP, these
observations, together with the current ones, indicate that study, and in all others designed to investigate the
effect of supplemented potassium salts on the phenotypicthat the Cl2 component of NaCl is both necessary and
sufficient, whereas the Na1 component is neither. expression of the SHRSP [5, 7, 8] dietary NaCl was
loaded which resulted in levels of dietary chloride aboutGiven that the hypertension-causing renal abnormal-
ity of the SHRSP is genetically determined [22], the twice those attained with KCl in the current study [23].
With one exception [7] any capacity of supplementalcurrent observations demonstrate that dietary Cl2 can
selectively determine the extent to which a genetically potassium [5, 8, 23] to attenuate either cerebral or renal
microangiopathy in the SHRSP has been inferred to bedetermined renal abnormality is phenotypically ex-
pressed. Since the Cl2-sensitive renal microangiopathy largely independent of an attenuating effect on hyperten-
sion. However, these inferences are based on measure-occurs in association with a Cl2-sensitive cerebral mi-
croangiopathy [17], the current observations demon- ments of blood pressure made only acutely, relatively
infrequently, and usually indirectly by means of a tailstrate that dietary Cl2 can selectively determine the
extent to which a genetically determined systemic mi- cuff in rats that were either anesthetized or restrained.
Blood pressure so measured takes no account of either itscroangiopathy is phenotypically expressed.
However, it has been both tacitly assumed [5, 7] and naturally occurring rhythmic series of values integrated
over time or the spontaneous variation of blood pressureexplicitly stated [23] that the anionic component of the
potassium salt supplemented does not affect the capacity [24, 25], which is particularly great in the hypertensive
state [24], and hence provides only a rough estimate ofof K1 to attenuate the phenotypic expression of the
SHRSP. In fact, supplemental KCl, in distinction from the continuing vascular burden of chronic hypertension
[24, 26].supplemental potassium citrate [7], has never been re-
ported to attenuate renal microangiopathy in this rat. In In the current study of the SHRSP, four weeks after
the randomization to treatment groups, supplementalthe one previously published study of the SHRSP in
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with both the final histologic and proteinuric severity
of renal angiopathy as a continuous function across all
treatment groups and hence also over a broad range of
blood pressures. In aggregate, these observations pro-
vide strong evidence that in the SHRSP fed a normal
NaCl diet (1) severity of hypertension is a major determi-
nant of the severity of renal microangiopathy over the
broad range of blood pressures attained by supplement-
ing dietary potassium with KCl and KB/C, respectively,
and with nothing, and (2) KCl amplifies renal microangi-
opathy in large part by exacerbating hypertension. In
light of the greater renal clearance of creatinine with
supplemental KB/C, the observations suggest that in the
SHRSP supplementing this potassium salt might attenu-
ate “hypertensive nephropathy” by its capacity to attenu-
ate hypertension.
In the current study, in which supplemental KCl but
not KB/C induced hyperreninemia [17], the level of PRA
varied directly with the severity of renal microangiopathy
as a continuous function across all treatment groups and
also with the severity of hypertension as such a function
[17]. In the NaCl-loaded SHRSP, a direct relationship
between the level of PRA and severity of renal microan-
giopathy was also observed by Volpe, Laragh, and their
colleagues [7], who proposed that the hyperreninemia
was a potassium-suppressible pathogenetic determinant
of the nephropathy. Hyperreninemia might result from
a disordered renal release of renin caused by the renal
microangiopathy [4], whether induced by either NaCl
Fig. 3. Relationship between histologically assessed overall renal in- loading [4] or supplemental KCl. However, neither hyper-jury rank final systolic blood pressure (SBP; A) and log plasma renin
reninemia nor increased circulating levels of angiotensinactivity (PRA; B) in individual rats supplemented with KCl (r), KB/C
(s), or nothing (h). Both SBP and log PRA are strong and independent II attend the nephropathy induced either in the rat ren-
predictors of overall renal injury across all treatment groups. dered severely hypertensive by chronic NaCl loading
combined with desoxycorticosterone [27] or in humans
rendered hypertensive by an aldosterone-secreting ade-
noma [28], even though the fibrinoid necrosis and prolif-KCl and KB/C had already induced divergent effects on
SBP, and the increase in SBP in individual rats from erative microangiopathy occurring in both conditions are
histologically similar to that induced by NaCl loading inall treatment groups was already half of that ultimately
attained [17]. However, histologic evidence of renal mi- the SHRSP. Indeed, Rocha et al have proposed that in
the SHRSP NaCl-induced hyperreninemia is an impor-croangiopathy was not yet apparent; proteinuria re-
mained modest and no greater with KCl than with KB/C, tant pathogenetic determinant of systemic microangio-
pathy because it entrains increased circulating levels ofand the levels of PRA were neither frankly increased
nor greater with KCl than with KB/C. Thus, KCl and angiotensin II and thereby of aldosterone [9]. In accord
with this proposal, pharmacological inhibition of eitherKB/C did not induce their initial divergent effects on
hypertension by differentially affecting the severity of the aldosterone receptor [9, 29], the angiotensin II recep-
tor [30, 31], or the formation of angiotensin II [14] hasrenal microangiopathy or the levels of PRA. Yet, when
the values of blood pressure had only initially diverged, greatly attenuated the nephropathy otherwise induced
in the NaCl-loaded SHRSP. Although such attenuationthe increase of systolic blood pressure in individual rats
strongly predicted in each not only all subsequent levels has been reported to occur without attenuation of hyper-
tension [6, 29, 30], in a study of a large number of NaCl-of hypertension [17], but also in each the final severity
of renal microangiopathy and final magnitudes of pro- loaded SHRSP given an angiotensin II receptor blocker
that greatly attenuated renal microangiopathy, Camargoteinuria, PRA, and renal creatinine clearance. When the
severity of hypertension had increased to its maximal et al observed a pronounced and persisting attenuation
of hypertension [31]. Furthermore, only when a pharma-plateau (final SBP) in all treatment groups, that severity
in individual rats varied directly and highly significantly cological inhibitor of angiotensin II formation was ad-
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Fig. 4. Relationship between histologically assessed severity of injury in individual renal anatomical compartments and final systolic blood pressure
(SBP; A) and log PRA (B). Abbreviations are: FN, fibrinoid necrosis of arterioles and small arteries; GC and GE, glomerular collapse and
expansion; TI, tubulointerstitium in individual rats. Both SBP and log PRA are strong and independent predictors of injury in each of the four
compartments. Symbols are: (r) rats supplemented with KCl, (s) KB/C, or (h) nothing.
ministered at a dose that greatly attenuated hypertension KCl-induced hyperreninemia is a cause or a consequence
of the KCl-amplified renal microangiopathy.did it substantially attenuate histologic expression of ne-
phropathy in the SHRSP studied without NaCl loading In the SHR [35–41], and presumably also in its genetic
substrain, the SHRSP [42, 43], a genetically determinedand in large numbers [19]. These observations suggest
that hyperreninemia in the SHRSP is not necessarily a narrowing of the renal afferent arteriole, may entrain
hypertension and that narrowing may be susceptible toconsequence only of severe renal microangiopathy, but
may be necessary to its causation by entraining increased physiologic [38] and pharmacological [41, 44] modula-
tion. The extent of renal afferent arteriolar narrowingcirculating levels of angiotensin II and thereby also those
of aldosterone [29, 32–34]. However, from the results of in the SHR is reported to vary directly with the severity
of pharmacologically attenuated hypertension [41, 44].the current study, it cannot be determined to what extent
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ing Cl2 over a physiological range in the perfusate of
the isolated rat kidney amplifies its vasoconstrictive re-
sponse to angiotensin II [56]. This amplification likely
involves vasoconstrictive modulation by Cl2 of the tubu-
loglomerular feedback response [50]. Thus, when dietary
Cl2 is selectively supplemented in either the SHR with
organic Cl2 salts [57] or in the SHRSP with KCl, the
supplemented Cl2 could exacerbate hypertension by am-
plifying an already exaggerated tubuloglomerular feed-
back response that further narrows the renal afferent
arteriole [17, 50].
In the SHRSP, a Cl2-induced further narrowing of the
afferent arteriole severe enough to impede transmission
of systemic pressure to its distal-most segment could
increase its baroreceptor-mediated release of renin and
thereby also the level of PRA [50, 58]. In many hyperten-
sive humans, pathological narrowing of the renal afferent
arteriole may underlie increased levels of PRA that con-
tribute critically to the hypertensive process [59]. In hu-
mans so affected, supplemental KCl might induce further
narrowing of the afferent arteriole and thereby further
stimulate the renin-angiotensin-aldosterone axis and its
likely vasculopathic consequences [59]. That possibility
remains to be investigated.
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